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Abstract 
The availability of cost-effective heat storage solutions is one of the key elements for the successful implementation of Direct 
Steam generation (DSG) solar plants. The most promising storage system for DSG solar plants consists of a 3-stage system 
whose key element is a Phase Change Material (PCM) latent heat module. 
In the framework of two large Concentrated Solar Power (CSP) projects, CEA-INES is involved in the development of heat 
storage systems for large scale DSG solar plants. Within these projects CEA-INES is setting up a unique testing platform 
consisting of all the required tools for the full qualification of the critical PCM storage modules. 
The PCM storage testing platform includes low temperature testing rigs to test the storage phenomenology and validate the 
performance simulation models for the selected PCM heat exchanger elements, testing equipment for the durability assessment of 
the key components up to a high pressure water steam testing rig able to test at lab-scale the PCM modules in real operating 
conditions. Most of these tools are currently in operation and the few remaining are about to be commissioned. 
The paper illustrates the CEA-INES design methodology for the development of the PCM storage modules and describes the 
most relevant tools of the CEA-INES test platform discussing how these tools are integral part of the PCM storage module design 
process. A few case studies and the results of the validation activity for some reference geometries are also presented. 
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1. Introduction 
The successful implementation of the Concentrated Solar Power (CSP) plants depends very much upon the 
availability of low cost heat storage solutions allowing smoothing the operation of the solar plant over a longer time 
period. 
The attractive Direct Steam Generation (DSG) technology, having the potential of being cost-competitive with 
respect to the standard oil-based solar power plants due to the simplified power loop, is at the same time threatened 
by an increased complexity of the heat storage system. 
This is the reason why many research activities are carried out worldwide [1,2] in order to find effective solutions 
for the DSG plant heat storage systems aiming at reaching the specific cost targets typical of the storage systems of 
the oil-based plants. 
2. Storage systems for DSG plants and role of PCM storage 
With respect to the oil-based CSP plants where a 2-tanks molten salt sensible heat storage system has become a 
wide-spread standard, for the DSG solar plants various system solutions have been proposed, but all of them are still 
at the pilot plant level. In fact none of them has reached yet the industrialization level mainly because the cost-
effectiveness targets are not easy to be achieved. 
The reason being that while for the oil-based plants a fully-sensible heat storage is perfectly adapted due to a 
100% sensible heat collection mechanism of the primary circuit (single-phase oil), for the DSG plants the heat 
transfer fluid (water) collects heat both by sensible and latent heat mechanism. This implies that in order to have 
efficiency close to that of the 2-tank storage system of the oil plants, the heat storage system of the DSG plants 
cannot be 100% sensible [3] and a multiple-stage system combining sensible and latent heat storage is necessary. 
The basic configuration of the multi-stage DSG storage system includes a low temperature sensible storage 
module, a latent heat module, and a high temperature sensible storage module. 
Different configurations for the multi-stage storage system for DSG plants are possible and are being studied 
[3,4], with the aim of simplifying the system and reducing the cost, but whatever the solution is the latent heat 
storage (LHS) module is the system mandatory element. The LHS module is in fact taking care of the condensation 
of the water vapor during the charging phase and the evaporation of the feed water during the discharge phase. This 
phase-change cannot be omitted in the DSG storage process. The LHS is basically an isothermal process, therefore 
the choice of a phase change material (PCM) as storage medium is almost compulsory.  
On the other end, while for the sensible heat storage various technologies are in principle available, the 
technology options for the LHS-PCM module are much more restricted due to the solar plant operating conditions.  
The PCMs more widely studied as possible candidates for the large scale LHS module development are inorganic 
salts either pure or eutectic mixtures. Among the possible salt options the pure NaNO3 is the one attracting most of 
the efforts due to its favorable physical and chemical properties (stability, non-corrosive) [5]. Many characterization 
studies have been conducted on NaNO3, which is indeed a very well-known material; this is why CEA is presently 
focusing on NaNO3 for the development of its PCM modules, though other possible candidates are being studied in 
parallel. 
The major drawback in using inorganic salts as PCM is their low thermal conductivity (typically 0.5 W/mK for 
the NaNO3). This is a major limitation in designing the LHS heat exchanger. Due to the liquid-to-solid phase 
transition during the module discharge phase, the buildup of a solid salt layer over the active heat exchanger surface 
prevents any convection mechanism from setting up. Therefore large contact surfaces are necessary on the PCM 
side of the heat exchanger, in order to achieve good performance over the entire storage phase. This has an 
important impact on the size and cost of the heat exchanger, which ends up being largely oversized on the vapor 
side. 
One possibility of reducing the required heat transfer surface may consist in removing the solid salt layer once it 
reaches a given thickness. This option was investigated a few decades ago and is being recently reconsidered [6]; 
however, a lot of R&D is required to assess its potential both in terms of reliability and costs.   
The design of the LHS heat exchanger which is likely to be introduced on the market at first consists of a vertical 
bundle of parallel tubes with high pressure condensing/evaporating water inside and a static MCP outside. This 
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option has been extensively tested by DLR [7] and has proven to work with good performance. In order to further 
reduce the cost of the heat exchanger (metal mass of high pressure tube bundle), many efforts are being spent in 
studying low cost and robust heat transfer enhancement methods on the PCM side allowing to reduce the vapor-side 
surface (less tubes, smaller diameter) [7].  
CEA is working primarily on the design of parallel tube heat exchanger and static PCM, though studies on other 
possible options are being carried out in parallel. 
In this framework, CEA-INES has deployed a major effort in setting up a design methodology and a multi-tool 
experimental platform allowing a comprehensive design and validation approach to the proposed solutions. 
3. PCM storage module CEA design methodology and toolbox 
The development of the PCM storage modules at CEA-INES involves various activities: 
 
x Basic phenomenology assessment (SLEEP test bench) 
x Design and simulation of the local heat transfer mechanism and performance for the selected geometries 
x Simulation of the overall performance of the storage system integrated with the solar plant 
x Validation of the local simulation models on a low temperature PCM test rig (MASTIN) 
x Test of the PCM module in real operating conditions (LHASSA test facility) 
x Corrosion studies on heat exchanger materials: corrosion test bench 
x Durability assessment of the selected heat transfer geometries (i.e. finned tubes): durability test bench 
4. Study of basic phenomenology: SLEEP test bench 
A small test bench consisting of a heating/cooling water loop connected with a tube test section (see Fig. 1) has 
been set up to allow observing the melting/solidification phase change phenomena.  
The test section consists of a test tube (different geometries can be studied) running coaxially inside a transparent 
envelope. The gap between the tube and the transparent envelope is filled with a low temperature PCM which is 
white-color in solid phase and perfectly transparent in liquid phase. 
The water inlet temperature and mass flow are precisely adjusted according to the required test protocol. A 
bypass of the test section allows stabilizing the loop before starting the test run.  
The test section is equipped with up to 48 temperature sensors to accurately measure the PCM temperature at 
specific locations; data are recorded every 3 seconds.  
 
 
Fig. 1.  (a) Scheme of SLEEP experimental loop; (b) SLEEP test bench; (c) temperature sensors in the test section annulus 
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The tests results are compared to the results of simulation (see Fig. 2) allowing to validate the numerical 
approach and to extrapolate the model to the analysis of the selected high temperature PCM.  
 
 
Fig. 2.  (a) Charging transient at different times vs. Fluent simulation; (b) measured temperature profiles at different heights of the annulus 
5. Design methodology and simulation tools 
The PCM storage system design methodology is based on a two-step approach involving the development of 
specific local and global simulation models at the component and system level, see Fig. 3: 
x Local 2D/3D computational fluid dynamics (CFD) models simulating an elementary volume of the PCM storage 
module are used to determine the equivalent thermal resistance of the PCM taking into account the heat transfer 
enhancement structures and the geometry of the tubes 
x Global component 0D/1D models representing the complete PCM storage module based on the equivalent 
thermal resistance as defined by the local models. The global component model can be then integrated at higher 
level in an object-oriented global simulation model of the storage system and of the whole CSP plant. 
5.1. Local models 
The aim of this model is to determine the equivalent thermal resistance of the PCM taking into account the heat 
enhancement means (fins, fillers), including the tube wall conductivity. The main inputs are the PCM properties and 
the geometrical parameters of the module (tube size, fin pitch, fin height and thickness, tube spacing). Charge and 
discharge processes are simulated on an elementary volume, as shown on Fig. 4. The phase change enthalpy of the 
PCM is entered as a specific heat capacity curve of the material. 
A simplified 2D approach can be used in case of axial symmetry. For more complex geometries a 3D approach is 
necessary to calculate the correct equivalent resistance. Heat transfer coefficients between Heat Transfer Fluid 
(HTF) and tube walls can be considered constant and uniform. Besides, the HTF mass flow is assumed to be equally 
distributed amongst the tubes, so the results can be extrapolated from the elementary volume to the whole PCM 
module. 
5.2. Global  models 
The entire PCM storage module is modeled by extrapolating the local behavior of a single tube surrounded by a 
volume of equivalent material (PCM, fins, fillers) to the whole heat exchanger in terms of equivalent thermal 
resistance. This approach is implemented in Dymola dynamic simulation platform. This simulation tool is based on 
Modelica [8], which is a declarative object-oriented language dedicated to multi-physics problem modeling. This 
environment allows us using the ThermosysPro component library developed by EDF R&D, which includes a large 
number of thermo-hydraulic modules useful for CSP plant modeling [9]. 
The global PCM storage module model is built assuming a uniform distribution of the mass flow in the tube 
bundle as well as a uniform heat transfer coefficient over the tube length. This second assumption is correct in case 
of two phase flows inside vertical tubes with small void fractions (nucleate boiling) and small heat fluxes, as it is the 
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case of the PCM module. This assumption has been validated by the experimental tests performed by DLR on a 
PCM module prototype operated in recirculation mode with sliding pressure; these tests have shown that the 
temperature transient inside the PCM is indeed almost uniform all over the entire tube length [7]. 
With the above assumptions the PCM module can be simulated with a good approximation by means of a simple 
0D model, which makes the numeric approach at higher level much easier. The only geometrical input parameters of 
the PCM module model are the number of tubes, the tube length and internal diameter. The PCM and heat 
enhancement structures are introduced as an equivalent thermal resistance calculated by the detailed local models. 
The sensible heat of the PCM is taken into account in the model: its influence is small compared to latent heat if the 
temperature remains uniform during the charging/discharging process, but may become important when the module 
is operated in off-design mode (partially sub cooled for instance). 
Thanks to its object-oriented approach, this dynamic model can be easily integrated in a more general simulation 
model of the multi-stage storage system up to a complete CSP plant model. 
 The design methodology described above has been used to size the storage system of a CSP-DSG plant based on 
CEA-INES design. The temperature and charging rate profile of the PCM storage module over a typical sunny day 
with a full charging/discharging transient are shown in Fig. 3. During the charging phase the fluid temperature raises 
up to 7.5 °C above the NaNO3 melting temperature, whereas during discharge it falls to about 13 °C below the 
melting temperature because of  the lower fluid heat transfer coefficients at the inner tube wall. 
 
 
 
Fig. 3. (a) Schematic diagram of the PCM module design process; (b) simulation of a full charging-discharging transient of the PCM module 
 
6. Low temperature PCM test rig for performance studies: MASTIN facility 
MASTIN is a low temperature PCM testing rig designed to study the performance of the selected heat exchanger 
geometries and the efficiency of the phase-change process. The ultimate scope of the tool is the validation of the 
local simulation models allowing implementing a correct simplified calculation approach for the higher level 
performance analysis of the storage system and the solar plant as a whole. 
The tool consists of a vertical cylindrical tank (see Fig. 4) housing an interchangeable parallel tube heat 
exchanger test section and sealed at the top and the bottom against two flow distribution plenums. The heat transfer 
fluid is water. The test section is designed for an operating temperature up to 95 °C and a maximum working 
pressure of 6 barg. The two plenums are connected to an external hydraulic module which, by means of a simple 
control loop, can feed either the top or the bottom plenums with the required water mass flow and following a given 
temperature transient. The selected PCM is paraffin RT82 from SQM, having a quite wide phase-change temperature 
range (65-95°C) with a peak at around 83°C. Though the shape of the phase-change curve of this PCM differs quite 
290
295
300
305
310
315
320
0%
20%
40%
60%
80%
100%
120%
9 12 15 18 21 24 27
Te
m
pe
ra
tu
re
 (°
C)
Ch
ar
ge
 ra
te
Hour of the day
PCM liquid fraction Tube wall
Heat Transfer Fluid Average PCM
External PCM
950   M. Olcese et al. /  Energy Procedia  49 ( 2014 )  945 – 955 
substantially from the NaNO3 phase change curve, on the other hand, it is perfectly adapted for the purpose of the 
tool, as it allows following the phase-change phenomena with an increased resolution. RT82 is very easy to handle 
as it does not require any special safety care. Other low temperature PCMs having a narrower peak curve are also 
being considered. The PCM is filled either in solid or in liquid phase in the space between the tube bundle and the 
cylindrical tank. 
The test section consists of a parallel tube bundle with two flanges one at the top and on at the bottom (see Fig. 
4). The tube bundle is about 1.5 m high and has a maximum diameter of 0.5 m and should normally be made up of 
the same tubes used later on for the real PCM module. 
The test section is easily accessible and can be replaced in half working day.  
The tool includes a data acquisition system allowing monitoring the system parameters (inlet-outlet temperature, 
mass flow, power) as well as up to 48 temperature sensors placed at specific locations inside the test section.  
 
 
 
    
Fig. 4. (a) MASTIN tool; (b) Close-up view of the test section 
 
As an example of a test run on a test section consisting of standard steel tubes with aluminum fins and fillers, Fig. 
5 shows the temperature profile (dashed line) as measures by the thermocouples located at the farthest point from the 
finned tubes in the space in between the central tube and the tubes around it. The trapezoid curve of Fig. 5 is the 
imposed temperature profile of the water at the inlet of the test section (the mass flow rate is kept sufficiently high in 
order to minimize the temperature change over the tube length and the fluid-wall temperature difference). It can be 
observed a very good agreement between the predicted temperature profiles by a 3D simulation (continuous lines) 
and the test results. This test has allowed extrapolating, for this specific geometry, the complex and time consuming 
3D simulation to an equivalent 1D simulation model based on the equivalent thermal resistance approach described 
above. 
 
 
 
 
 
 
 
 
 M. Olcese et al. /  Energy Procedia  49 ( 2014 )  945 – 955 951
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Temperature profile of a typical test run 
 
7. PCM module test in real operating conditions: LHASSA test facility 
LHASSA test facility (see Fig. 6) has been designed to test PCM modules in real operating conditions. It is the 
test facility which is supposed to provide the final assessment of the performance of PCM module prototypes at a 
representative scale before moving to a demonstration phase on a solar pilot plant. 
The test facility is able to provide at the inlet/outlet of the PCM test section the temperatures, pressures and flow 
conditions allowing the module to follow the design charge and discharge transients.  
LHASSA test facility is composed by a high pressure water-steam circuit simulating the solar field of a CSP 
plant: the water mass flow is set by a circulation pump, and then steam is produced by three electric heaters 
(preheater, evaporator, super heater). The steam flow at the test section outlet is condensed in a condenser and then 
subcooled in an air cooler. A pressurizer is used to maintain the required static pressure level in the loop and acts as 
an expansion vessel. The loop is fed with municipal water treated by an osmosis system. A set of valves allow 
changing the PCM test section basic operation mode: 
x Charging process: the test section is fed with steam from the top. In this case only one electric heater is used 
(preheater). 
x Discharging process: the test section is fed with liquid water from the bottom. Here two or three electric heaters 
are needed. 
Two PCM test sections can be installed at the same time and tested independently. The size of each test section 
which can fit in the available space is relatively large: up to 6 m in height with a storage capacity of the order of 300 
kWh.  
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Fig. 6. (a) Layout of LHASSA test facility; (b) LHASSA test facility: the free space in the foreground will host one of the two test sections 
 
The pipework between the heaters and the top of the test module is electrically traced to minimize the thermal 
losses and to ensure correct vapor conditions during charging process. The recirculation sections of the loop (air 
cooler, condenser and pump) can be automatically controlled so as to simplify the operation during testing. In a 
similar way, the facility can operate fully automatically charging and discharging transients lasting several hours. 
The main design parameters of the facility are presented in Table 1. 
 
     Table 1. Main parameters of LHASSA test facility. 
Parameter Range Units 
Mass flow 5 - 35 g/s 
Operating pressure 60 - 130 bar 
Operating temperature at the test section 250 - 350 °C 
Design power 45 kW 
 
A precision of ±0,5 bar for the pressure, ±1°C for the temperature, and ±0,5 g/s for the mass flow set points can 
be achieved. Two types of field measurement systems are implemented: a high sampling rate for process control & 
safety and a low sampling rate (10 s) for data analysis. The data acquisition (DAQ) system can manage up to 300 
channels at the same time, 200 channels are devoted to the test section monitoring. 
The loop is fully operated remotely, as no access to the experimental hall is permitted during high pressure 
operation; the system supervisor interacts with the system through a user-friendly graphical interface (see Fig. 7). 
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Fig. 7. LHASSA test facility: operator graphical interface 
The loop was commissioned in November 2012; preliminary high pressure tests with the first tests section 
connected, but still not filled with PCM, are ongoing. The test facility will be fully operational in September 2013.  
8. PCM module aging 
The component durability is a very important issue for the development of CSP plants. This is in particular true 
for the PCM heat exchanger modules for DSG plants, where high pressure and high temperature actions combine 
with the mechanical actions due to the solid-to-liquid phase-transition of the salt. The assessment of robustness of 
the selected materials is therefore critical for the PCM storage modules which are supposed to last, without major 
maintenance, over the entire solar plant expected lifetime (25-30 years). Two major degradation mechanisms are 
critical for the heat exchange elements of the PCM storage modules latent storage in contact with the PCM 
materials: (1) corrosion, (2) thermo-mechanical cycling associated with the phase transition. To study the material 
durability in representative conditions but with accelerated aging, two specific tools have been designed.  
8.1. Corrosion test bench 
The aim of the corrosion test bench is to study the basic corrosion mechanism of metallic parts in contact with the 
selected molten PCM at or above the operating temperature.  
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Fig. 8. PCM corrosion test bench 
 
The test bench consists of a cylindrical thermally insulated tank containing up to 2.3 liters of PCM which can be 
heated up to 450°C (see Fig. 8). A cover plate minimizes the evaporation and if required the free volume over the 
molten PCM can be flushed with inert gas. The samples are introduced into the bath through slots in the cover. The 
supports of samples and slots are designed in order to minimize the vapor losses. A larger opening at the center of 
the cover is used for sampling the PCM composition during the test.  
A typical test procedure consists in preparing flat samples with a size of 2x50x50 mm. The samples are initially 
polished to get reference conditions for the surface. The PCM is kept at constant temperature in liquid phase. The 
working temperature is normally just above the phase change temperature, but could be higher. The choice of the 
appropriate temperature depends upon the PCM degradation temperature and the accelerated aging requirements. 
The corrosion is monitored by measuring the mass of the sample as function of the exposure time and by observing 
the surface aspect.  
8.2. Thermo-mechanical durability test bench 
The aim of this tool is to study the impact of the phase change cycles on the heat transfer efficiency of the finned 
tubes of the PCM heat exchanger. The possible problem may arise from the volume change of the PCM during the 
phase transition (for the NaNO3, the solid-liquid phase change implies an expansion of about 11%). The mechanical 
actions due to this cyclic volume change may produce degradation of the heat transfer efficiency due to fatigue and 
other relaxation phenomena. To qualify the selected heat exchange geometries (finned tubes or other structured 
tubes) against phase change cycling, a dedicated test bench has been set up. The tool has been designed in order to 
perform an accelerated cycling of tube specimens in conditions as close as possible to the real operation. A simple 
oven thermal cycling around the phase change temperature of tube specimens immerged in the PCM would not 
reproduce the correct thermo-mechanical stresses as the heat would be exchanged from the outside and not, as in the 
real life, through the internal tube walls.  
The tool (see Fig. 9) consists of one main molten salt tank where the PCM is maintained in liquid conditions all 
the time. The main tank is connected to two test sections consisting of two smaller tanks which can be filled with 
liquid PCM from the main tank. A 200 mm finned tube sample blanked off at one end is introduced in each test 
section and is fully immerged into the PCM. The tests sections are traced at a temperature close, but slightly lower 
than the phase-change temperature, so that the heat losses are minimized and after the filling in liquid phase the 
PCM solidifies. An electric heating element is introduced from the outside into the tube sample. The heating element 
is powered and controlled at a temperature above the PCM phase-change temperature, thus inducing the PCM 
around the finned tube to melt. Once the melting process is well outside the finned region, the power is switched off 
and the tube cools down by natural convection at the insert far end, thus causing the MCP to solidify again around 
the tube.  
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Fig. 9. Thermo-mechanical durability test bench 
 
After a given number of cycles, the test sections are emptied after having melted all the PCM inside by increasing 
the temperature of the external tracing. The molten salt is recovered into the main tank and the test sections are 
cooled down so that the tube samples can be removed for inspection before starting the cycling again. 
 
The heat exchange stability of the finned tube sample is also indirectly monitored by monitoring the speed of 
propagation of the phase-change transition zone by means of a few temperature sensors placed around the finned 
tubes.  
9. Conclusions 
In the framework of developing storage systems for large scale DSG solar power plants, CEA-INES has setup a 
very comprehensive design methodology and multi-tool test platform for the PCM storage modules allowing to carry 
out in house all the necessary design and validation work for the successful and timely market implementation of the 
novel technologies. 
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